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I. INTRODUCTION

Exposure to high levels of noise can be quite hazardous, completély harmlesgs, or
anything in between; the key to the.outcome is ekpoaure duration. For some time,
scientists have attempted to identify the relationship between noise level and
duration that will best predict hearing impairment. Currently, this relationship
is called the "exchange rate,"” although other terms have been used to describe
it, including the *"doubling rate,” "trading ratio,” and "time—~intensity
tradeoff". The most commonly. used exchange rates incorporate either . dB or 5

dB per doubling or halving of exposure duration.

’The 3-dB exchange rate, which is used by the U.S. Environmental Protection Agency
(EPA), Great Britain, and man? European c¢ountries, is also known as the equal-
energynrule or hypbthesié, abbreviated Lar First proposed by Eldred et al.
(1955), it was later supported and expanded by Burns and Robinson (1970). This
hypothesis maintaing that equal amounts of sound energy will produce'equél;

amounts of hearing impairment, regardless of how the sound energy is distribuéed}f'

in time. Theoretically, this principle could apply to exposures ranging from a ..

few minutes to many years. Ward and Turner (1982), however, suggest restrictihg :,'

its use to the sound energy accumulated in one day only. They make a distinction
between an interpretation of the "total energy™ theory that would allow a whole
lifetime's exposure to be condensedlinto-a few hours, and a restricted "equal-A-
Qeighéed—daily ene;gy" interpretation of the theory. Burns (1976) also cautions
against the misuse of the equal energy rule, notiné that it was based on data
gathered from individuals who expeiiencéd daily 8-hour océupational exposures for
periods of months to years, and thus, extrapolation to very different conditions
would be inappropriate. »

The 5-dB exchange rate:is sometimes called the OSHA rulé, abbreviated Lo&ﬁ’ and
it is somewhat less conservative‘than the equal energy rule. It attempts to

account for the interruptions in noise exposures that commonly occur during the




work day (OSHA, 1975), presuming that some recovery from temporary threshold
shift (TTS) occurs during these intermittencies, and the hearing loss is not as
great as it would be if the noise were continuous. The 5-dB rule assumes
intermittency but does not guarantee it. The rule itself makes no distinction
between continuous and non-continuous neise, and it will permit comparatively
long exposures to continuous noise at higher sound levels than would be allowed

by the 3-dB rule,

Several other methods of combining noise 1evel and duration deserve mentioﬁ. The .
equal pressure rule maintains that a 6-dB increase may be tolerated for each
“halving of exposure duration. Spieth and Trittipoe (1958) found that the 6-dB
rule predicted TTS resulting from short-duration, high-level exposures somewhat
better than the 3-dB rule, but it has not been generally accepted. fhe 4-dB
rule, which is used by the u.s. Air Force (1982), may have been adopted as a
compromise between 3 dB and 5 dB. It is supported by an unpublished study by
Parrack, showing’that the 4~dB rule best predicted hearing damage at the 1000-Hz
audiometric frequency (Johnson, 1973). Saunders et _al. (1977) put forward a
method they call the "equivalent power" hypothesis, based on asymptotic threshold
shift (ATS) data. Finaliy, some criteria, such as those developed by the
Committee on Hearing, Bioacoustics, and Biomechanics (CHABA), have varied the
exchange rate according to noise level and tempofal pattern (Kryter et al.,

1966) .

Most of the conﬁroversy—over the -exchange rate concerns its use in;industrial
noise environments whose levels vary over time. Evidence from the laboratory
shows that intermittent exposures cause less damage than continuous ones,
presumably because the ear is allowed some time to recuperate dﬁring the
‘interruptions. However, there is some doubt about the extent to which laboratory
intermittencies resemble those in the real-world. BAlso, the same infe:mittent
exposure can produce different degrees of damege, depending on which effect one

chooses to examine (temporary loss, permahent loss, or anatomical damage).



In discussing the effects of noise as it varies in time, it would be helpful to
examihe different definitions or ways of describing thesé temporal
characteristics. Continuéus noise levels vary only minimally as a function of
time and are sometimes referred to as steady or steady-state. Noise that is not
continuous is often popularly called "intermittent.” But this non-continuous
noise should actually be divided into two categories:  "intermittent” and
"varying."” When these categories are not differentiated, they will be referred

to in this report as "non-continuous."

Intermittent noise is characterized by large differences in sound level and
periodic‘interruptions at relatively low levels. Varying noise can also have
large differences between maximum and miﬁimum levels, but levels in between are
present for a considerable amount of time., Varying noise ig sometimes referred
to as "fluctuating" noise. Outdéoi occupations, such as forestry and
construction can often be considered intermittent noise exposures because the
noise is interrupted by intervals at relatively low sound levels. Factory noise,
on the other hand, is usually continuous or varyiﬁg because of the proximity of
numercug noigy operations and the presence of hard surfaces which produce
reverberation and inhibit the decay in sound levels. Several definitionsg of
intermittent and fluctuating or varying noise are given in Table I, Graphic
examples of intermittent and varying hoiseb are portrayed in Fig. 1 from
Passchier~Vermeer (1973).

Most of the earlier invest;gations_ofwthe relationship between noige level and
duration measured TTS in humans (eg, Eldred et al;, 1955; Glorig et al., 1961;
Kryter et al., 1966; Ward, 1960; War3, 1970). TTS in humans and animals is
usually stated in terms of the shift experienced two minutes after cessation of
exposure Y(TTSZ), although sometimes investigators will report the shift
experienced at various intervals during recovery (s'uch.as‘TTS30 or TTS; ,.urs)*
Later studieskemployed animal models so that permanent threshold shift (PTS) and

cochlear damage could be assessed as well as TTS (eg. Bohne and Pearse, 1982;



Table I.

Definitions of intermittent and fluctuating or varying noise.

Source

Intermittent Noise

S

Fluctuating. or Varying Noise

Comnittee on Hearing, |
Bioacoustics, and Biomechanics
(Kryter et al. 1966)

Individual noise bursts do not
exceed 2 min and there is
alternation between ?oxse bursts
and levels below EQ

Noise remains at a single level
no more than 2 min and never
‘drops below the 8-hr allowable
level for a particular band or
pure tone.

I
Dept. Labor, 1969

Levels fall below 90 dB(A)
(implied).

{Walsh~Healey noise standard)

‘Dept. Interior, 1970

Interruptions occur when levels
fall below 80 dB(A) more than 5
minutes or when durations below
80 dB(A) are equal to at least 20
% of the preceding burst
duration.

Paéschierfvérmeer, 1973

Difference of at least 20 dB
between highest and lowest
levels,. with levels in between
present for only negligible
amount of time durlng period of
observatlon.

Several sounds occur during
period of observation and levels
between highest and lowest are
present for a considerable
amount of time.

- | more times during period of

observation.

EPA, 1974a Levels fall below 65 dB(A) for
10% of each hour. Peaks 5-~15 dB
higher than background.
OSHA, 1981, 1983 Levels fall below 80 dB(A)
4 (implied}.
~ANSI S1.13, 1986 Noise levels equal ambient 2 or Level varies but doces not equal

ambient more than once during
period of observation.

EQ = effective qdiet.

In this case the 8~hr allowable level for

a particular band or pure tone.
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Fig.1. ‘Illuatration 'of Passchier-Vermeer's classification of two types of
intermittent and varying noise. From Passchier-Vermeer (1973). :
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Ward and Nelson, 1971; Ward and Turner, 1982; Ward et al., 1983). ' The animal
model used for noise and hearing loss investigations has usually been the
chinchilla, which has the advanﬁage of easy handling and long life. ' In recent
yeafs there. has been considefable interest in another measure of TTS called
asymptotic threshold shift (ATS), where threshold shift appears to reach an
asymptotic level after 8 to 10 hours of continuous noise exposure and remains at
‘this level indefinitely uhtil the noise exposure is terminated. 1In addition,
theré have been several epidemiological field studies of noise-expoged workers
(eg. Burns and Robinson, 1970; Evans and Ming, 1982; Hélmgren et al., 1971;

Johansson et al., 1973)} but their conduct in recent years is limited due to the

widespread use of hearing protectors.

One problem relating to the use of animal studies for the development of damage-
risk criteria is that the degree to which we can generalize guantitatively to
humans is always opeh to‘questién. According to Miller (187Q0), the chinchilla's
audibility threshold curve is quite similar to that of the human. However, it
appears that chinchillas incur somewhat more hearing loss than humans for
comparablg exposures (Trahiotis, 1976). It has also been suggested that the-
chinchilla's recovery from noise is soﬁewhat slower than that of humans. That
being the case, permanent damage from repeated exposures would tend to accumulate‘
more guickly and generalizations to the human condition should be made with some
degfee of caution. Ward (1984) reports that "the chinchilla has éne of the
slowest recovery processes among all the animals whose susceptibility to noise
has been studied." But humans have also demonstrated various states of delayed
recovery from TTS (Mills et al., 1970 and 1983; Jchnson et _al., 1976; Ward,

1970). For example, acting as his own subject, Mills was exposed to a 500-~Hz
band of noise at 92.5 dB for 19.5 hours (Mills et al., 1970). This exposgure
produced an ATS of 27.5 dB, from which it took 4 to 7 days to recover completély.

The prevailing view in the research community is that while guantitative

generalizations may not always be accurate, patterns or principles of he&ring

damage should apply (Erlandgson et al., 1987).




The selec;ibnygf an appropriate exchange‘rate necesgitates examining the growth
. of egual heaéing hazard as a function of noise level and duration. This
relationship depends upon numerous variables, including the measure of damage
(TTS, ATS, PTS, or cochlear damage),vthe audiometric frequencies to be protected,
and various temporal and acoustic parametersg, such as the noise on-time and'off-
time and the levél of "quiet" during interruptions. Because of these many.
variables, it appears that no single function will fit all conditions. Selection
of any single exchange rate must, therefore, invoive compromise. The key is to
select one that most closely fits the hearing loss data within an acceptable

range of noise levels and durations.

. For bpurposes of this documen:, only continuous, varying, and intermittent
éxposure data will be discussed here. There is, however, some precedent for the
application of a single e#change rate to all ﬁinds of exposures, including
industrial impacts and impulsés as short as gunfire (EPA, 1974a; von Gierke et

al., 1981; ISO, '1990; Martin, 1976).
II.  CRITZERIA AND STANDARDS

In examining the issues surrounding the exchange rate, it would be useful to

trace the history of its evolution in criteria and standards for noise exposure.
A. Air Force

ihe earliegst set of damage~risk criterik employing any exchange rate was
published by the Air Force (Eldred et al., 1955). Allowable B-hour levels were
gspecified for octave bands, and for pure tones and critical bands. . Increases of
3 dB were allowed for each halving of exposure duration. The justification for
the 3-dB exchange rate éame from animal expgriments performed by Eldredge and
Covell (1952) and from various TTS studies. These criteria formed the basis for

the first military hearing conservation regulation, AFR 160-3 (1956), which also



‘was used by other government agencies and industry.
B. Is0-1961

In the first majpr international attempt at noige exposure standargdization, the
Internaticnal Organization for Standardization (ISO) proposed a draft standard
for continuous noise with durations less than 8 hours using the 3-dB rule (IS0,
'1961). A different method, portrayed in Fig. 2, was recommended for assessing
the haza:d of non-continuous noise, based on recommendations by Glorig et al.
(1961).  Permigssible on-times are given for certain exposure levels (expressed
in "noise ratiﬁg numbers") as a function of the duration of off-times and the
number of exposure cycles per day. The relationship between duratioh and level
is curvilinear, with proportionally higher levels allowed 7 total durations, and
especially as individual burst durations, become shorter.1 The standard was

never finalized in this form.
C.  CHABA

In 1965 the National Academy of Sciences-National Research Council, Committee on
Heaiing, Bioacbustics, and Biomechanics (CHABA) issued criteria for assessing
allowable exposures to continuous, fluctuating, and intermittent noise in the
~form of octave and one-third octave bands of noise, and pure tones-(Kryter et
al., 1966); Tﬁe relationship between duration and level for equally hazardous
bursts of cont;puous noise ig a cﬁryilinear function, which . is relatively shallow
(2 to 3 dB per halving of duration) for long, moderate-level bursts, and
accelerates rapidly (9 to 11 dB per halving) for high-level, short-duration
bursts. Fluctuating noise is defined as conditions where the noise remains at

a single' level for no more than 2 minutes and the level never drops below

1 : : . . .
The same method for assessing exposure to intermittent noise was

‘recommended in the report of the Subcommittee on Ncise of the Committee on
Congervation of Hearing of the American Academy of Ophthalmology and
Otolaryngolegy (AROO, 1964). : :
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‘reffective quiet," which is the 8-hour allowable level for that particular band
or pure tone. To assess the hazard from fluctuating noise, one calculates the

arithmetic average of sound pressure levels over the exposure period.

A different set of curves is provided for intermittent noise, which is defined
as noise levels alternating throughout the day between bursts of 2 minutes or
lgss and levels beléw effective quiet. One determines the "on-fraction," the
relationsﬁip between. burst duration and the duration of the burst-plus~quiet
cyclé,‘and';hen consults the diagrams to Iind the allowable level or duration of
sounds in gpecific octave or third-octave bands for on-fractions of 0.4 to 1.0.
The criteria «allow higher exposure levels asvdurations become shorter and
recovefy periods become longer. The authors predicted that the allowable
exposures would produce noise~induced permanent threshold shifts (NIPTS) after
10 or more Years no greater than the following amounts in the median and in the

more susceptible 20th and 10th percentilesg of the exposed populations:

Frequency ‘Median 20th Percentile 10th Percentile
1000 Hz . 10 dB 20 4B 30 dB
2000 Hz 15 a8 - 30 dB 45 dB
3000 Hz 20 dB 40 dB 60 B

Hearing lossidata for industfial workers were used to develop the long-duration,
éinglefburst”criteria; but TTS data were employed for the short-burst continuous

and intermittent noige curves because of the lack of PTS data in this area.

In the‘developmgnt of its criteria, the CHABA committee used the following

postulates:

1. TTszria a. consistent measure of the effects of a single day's exposure to

noise.

10



2; ;All”eprsqres that produce a given TTS, will be equally hazardous (the "equal

 temporary effect” theory).

3. _NIPiG'p;oduced after many years of habitual exposure, 8 hours per day, is

" about the same. as the TTS, produced in normal- ears by an 8-~hour exposure to

the same noisge.

In its report, the qommittée also cautions that there is little direct evidence

to‘Suppo;tlthe assumption of equal temporary effects {postulate 2 above) and that

future working grQUPS should carefully reevaluate it.

D. Botsford's Modification of CHABA

In 1957,‘8Qtsford published a simplified set of damage-risk criteria based on the

CHABA curves,’héving obgerved that the CHABA method had proved too complicated
for genéral use. . He developed 2 statistical approach, based on typical

manufacturing noises, to convert the octaverband curves to equally hazardous A-

'Qeightedllevels.,yHe alSo combined the long~burst, short-burst, and intermittent
‘noise coﬁtours'into one scheme. Fig. 3 shows Botsford's scheme, with permissible

“A—weidhted exposure level plotted as a function of total duration and the number

of equsureycycLes.‘ The methéd,assumes that interruptions will be of "equal

;éngth and spacing:go that a number of identical exposure cycles are distributed

uniformly- throughout the day™. These interruptions would occur during. coffee
bgééggL“§£§p§“§9J§D§ washroom, lunch, and periods-when-machines areé témporarily

shgt:down,

E. Intersociety Committee - 1967 and 1970

Also in 1967'the "Intersociety Committee" published damage risk criteria for

‘noise exposure. . This committee was composed of two members from each . of five

~technitalvorganizations‘and among them were Botsford and Glorig. ‘Criteria for

11
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-continuOus noise were giQen for agé groups from 20 to 60 years exposed-to noise
levels from 85 to 104 dB(A). Criteria for non-continuous ("inte?mit*ent") noise
were based on TTS studies, presumably the same studies_that had been used in the
development - of the IS0, CHABA;Har'.xd Botsford ecriteria. Fig. 4, from the
Ihtersdcietf‘s 1867 report, shows curves that are qguite similar to the ones

originally proposed by Glorig et al. (1961) and included in the ISO proposed

standard (1961), but the criteria for permitted numbers of cycles have been
omitted. The Committee states that the information contained in Fig. 4 "may be
approximated by the simple rule that for each halving of daily exposure time, the
‘'noise levels may be increased by 5 dB up to a maximum of 115 dB average of the
three octave bands 300-2400 cps (122 dB(A)), without increasing the hazard of
hearing impairment”. Like,Botéford's scheme, this scheme also assumes uniform

‘off-times.

In 1970 the Intersociety Committee revised its criteria. This time the graph for
assessing non-continuous noise exposure was replaced with a table showing
permissible exposuré levels (starting at 90 dB(A)) as a function of duration and

the number of occurrences per day. Again, exchange rates vary considerably

depending on noise level and frequency of occurrence. For continuous noise with

durations less than 8 hours, the Committee recommended maximum exposure levels

based on a 5+dB exchange rate.

'In 1968 the Department of Labor proposed a noise standard under the authority of
the Walsh-Healey Public Contracts Act (Dept.. Labor, 1968).. 'The proposal

#
contained 'a permissible exposure limit of 85 dB(A) for continuous noise,

Exposure to non-continupus noise was to be assessed over a weekly period .

according to a’large table of exposuré indices. Again, the exchange rate varied

according to level and duration; a rate of 2 to 3 dB was used for long-duration

noises of moderate level, and 6 to 7 dB for short-duration, high-level bursts.

13
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This standard was prémulgated‘early in 1969 (Dept. Labor, 1969a),'but was

‘withdrawn after a short period.

Later in that same year the Walsh-Healey noise standard that is in effect téday
was issued (Dept.vLabor 1969b) . In this version, any special criteria for;
intermittent or non-continuous noise had disappeared and the 5-dB exchange rate .

became official.
G. 18071971

The IS0 issued its formal recommended criteria for occupational noise exposure,
R1999,.in 1971. The recommendation is known to be based largely on the data of
Baughn (which were published later, in 1973), although no data or rationale are .
mentioned in the ISO publication. ISO R1999 uses the 3-dBAexchangevrate,basedﬁ
on a 40-hour work week, and permitsAthe risk of hearing impairment to be
dalculated for:popglations exposed to any combination.of noise level from 80 to
126‘dB(A) and durations‘from 10 minutes to 40 hours. -

H. EPA

In 1973, the EPA issued criteria based on the combined data and methods of
Baughn (1973),‘Burns and Robinson (1970), and Passchier-Vermeér (1968). Thesge
 cri£er;a incorporated the 3~dB rule for assessing exposure to intermittent as
well-askggnéigﬁous and varying noise. ‘Hoyeyer, the EPA acknowledged the evidenge
‘ presented by Ward {1970) and chefs,showing‘that the 2-dB rule makes no allowance

for recovery from TTS during intermittencies.

In its subseguent "Levels Document”, EPA used the 3-dB exchange rate to assess
the effeét of lifetime exposures‘to en&ironmental noise (EPA, 1974a). EPA
- concluded thét the level that would just fail to produce a measurable shift in

hearing threshold at 4000 Hz, even if it were experienced constantly over -a

15



lifetime, was an A—weighted‘average.Lg‘of 70 dB., 1In arriving at this deeieion,

EPA adjusted the criterien level, making it more lenient by S dB. Because the
. criterion level had been derived from oceupational exposure data, EPA reasoned

thatvadding.s dB would account for the intermittenciee typical of environmental

‘noise exposures. Juétification for this adjustment came from Kryter (1970), who

maintained that noise with levels below 65 dB for 10 percent of the time were.

less_dangerous than continuous noise at the same level. In its Levels Document,
EPA plotted curves based on other recommendations for intermittency corrections,

and the ?equalrenergy-pluSrsedB" function generally bisected the area encompassed -

by the other recommendations. Displayed in Fig. 5, all of these curves show the

levels and durations necessary to protect the 4000-Hz audiometric.frequency.

I. Ai:‘Eorce-1973

When the Air Force revised its_hearing congervation requlation, it adopted a 4-dB.

exchange rate (Air Ferce; 1973)f This rule is purportedly based on criteria
developed by H.C. Parrack, which remain unpublished except for a set of curves
thatﬂappear in an.EPA/Air‘Force jdint report, displayed here in Fig. 6 (Johnson,
1973).‘v According to Johnson {1983), the Air Force followed Parrack's
: recommendation‘for the 4-dB-exchange~rate-because’it came closest to the curve
that best described TTS at the meortant 1000-Hz frequency. Johnson (1973)
concluded. from the curves in Fxg 6. that no simple function best matched the TTS

values, but he recommended agaxnst anythlng other than a llnear function because

‘t__.-._o'-'

the use of TTS data was not _secure. .enough - "to warrant’ guch reanements“ He
pqinted out that according to‘these data, the 3-dB rule would best pfotect'4000
Hz, and the 5-dB: rule would be most suitable if only the mid- frequencxes, 500,

1000 and 2000 Hz were to be protected
J. 1S0-1990
The moet recent standards development involving the exchange rate is a revision

16
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of the IS0 standard, 1999 (1990), which applies the 3-dB rule té noise that is
"steady,vintérmittent, fluctuating, irregular, orwimpulsivé." The standard is
to be used with sound;pressu:e levels up to 140 dB and durations of 1 second to
24 hours. Ffom 8~hour equivalent levels‘of 75 to 100 dB(A), hearing damage can
- be predicted for periods of less than a year to 40 years. Although the standard
contains ‘no specific Jjustification for its predictive methods or values,
references to heaang‘loss data from Baughin (1973), P;sschier-Vermeer (1968 and

1977), and Burns and Robinson (1370) are included in the bibliography.
ITI. DISCUSSION OF CRITERIA AND STANDARDS

Because so many versions of the exchange rate were published between 1960 and
1970 and because so many of them were quite similar, the exact origins of the 5~
dB rule are somewhat obscure. The earlier standards, the ISO proposal (1961) and

the CHABA criteria (Kryter et al., 1966) specified different approaches to the

assessment‘of continuous and non?continuous exposures. In particular, the CHABA
‘criteria reflected a thorough attempt to predict the hazard from nearly every
conceivable noise exposure pattern, based on TTS éxperimentation. With the_drivé
for simplicity, howéver, certain parameters‘wefe omitted. Botgford (1967)
combined everything into one graph, but he had to make the assumption that
exposure cyclés would be uniférmly distributed. The Intersociety Committée
(1967) simplified the intermittency graph originally developed by Glorig gg_g;;
{1961), retaining the off-time ériteria but dropping the criteria for numbers

of cycles. The Committee thén simplified its own simplification by(recbmmending‘
the 5-dB rule as a close approximation of the earlier intermittency contours
(1970y). The proposed Walsh-Healey noiée_standard (Dept. Labor, 1968) again
éeﬁarated contiﬂuous é%d‘non—continuous noise, but made no mention of permitted-
exposure cycles or off-times. The 5-dB exchange rate appéars t> . have been the
natural outgrowth of‘the many simplifying procésses that preceded it. vBut by
this time the complex relationships between noise level and:duration had traveledi

far from their use in the original ISO and CHABA criteria; and several additional
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'asgumptions were needed before the<simplified]methods‘could be empioyed,

The 5-dB exchahge rate has had its detractors. For example, The EPA, has
¢haracte:ized_OSHA's use of the 5-dB rule as a distqftion of tﬁe CHABA criteria
(EPA, 1974b). . Whereas the CHABA criteria require evenly spaced interruptions of
specific duration, the 5-dB rule allows.all of the dose to be concentrated inf
single exposures. EPA pointed out that the validity of a scheme such as CHABA'sﬂ
depends upon evenly distributed exposure cYclesjwith interwvals that are both
sufficiently long énd quiet to permit recovery. from TTS. Although the EPA had
uséd a 5—dB adjustment for intermittency (as opposed to a 5-dB exchange rate),
it did not recommend such.an adjustment to OSHA because long periods of relative-?
quiet may be characteristic of environmental noise, but they are not common to

industrial noise.

The equal energy rule has also been criticized, mainly because of its failure to
take ameliorative interruptions into account. Ward (1976) has pointed out that
intérmittent noise will often fail to produce as much TTS as continuous noise of
the same total energy. While ﬁhere is gome "savings" (reductioﬁ in TTS due to

intermittenc}) with high-fregquency noise, the effect is even greater with low=
frequency noise. Increasing the duration of the noise burst decreases the amount
of savings over the exposure from continuous ﬁoise, He found, however, that even
the 5-dB rule underestim§t33 the savings brought about by~intermittency when the
noige bursts are shorél But as‘a'prackical matter, Ward could see no simple way
to correct the 3-dB fule for intermittency because such a correction would depend

upon the on-fraction and burst duration of the noisé.

To evaluate the various exchange rates critically, it would be useful to examine
their underlying assumptions, most of which employ TTS, as the criterion of

potential damage.
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A. TITS, as a Valid Predictor of NIPTS

All of the early criteria that relied upon TTS made at least one critical
assumptién: that the NIPTS produced after many years of daily exéosure to a given;
-noise is about the same as the TTS mEasuréd 2 minutes after cessation of an 8-
hour expoéure-to the. same noise. It appears that this assumption has not been‘
validated (Shaw, 1985; Ward, 1980). Burns and Robinson (1970) found a weak
‘positive correlation between the magnitude of mid-frequency TTS and high-;
frequency PTS in‘the same workers, but nothing more promising‘has‘been>reportedv
since then. Thus, the degree to which TTS, is a valid predictor of long~term PTS

is still not known.

B. Equal Temporary Effect Theory

'The equal temporary effect theory postulates that all exposures producing a given
TTS, are equally hazardous. Ward (1970) studied CHABA's assumption that TTS:
recovery iS'independent of the manner in which the TTS is prodﬁced, one of the

COnditions of the 'equal temporary effect theory. Normal-hearing young adults
- were éxposedv‘to CHABA-permiésible levels and durations of short-byrst
intermittentp ldhg-burst intermittent, and'qontinuous noise. of particular
concern tolﬁaid was . the findihg that some of these subjecté'showed‘delayed
recovery patterns, even'though their TTSs were within the expected limits. He
concluded that none of CHABA's long-hurst curves was conservative enough because
the pattern of recovery did not reflect the asgumptions CHABK”HA&'reiiéHJén.
Significantly, he found that high-frequency intermittent exposures, pr@ducing the

same amount of TTS as econtinuous noise, dlways required ldnger recoveries.

Delayed recovery from TTS was originally thought to occur only from.high values
ofVTTS, such as-40 to 50 dB (Ward 1960). However, more recent research has shown
that delayed recovery can occur from moderate levels of noise if the exposures

are of felatively long duration (Mills et_al., 1970; Melnick, 1974; Melnick and
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Mavés, 1974)) and: from exposure to impulse.noisé (Luz and Hodge, 1971}, as well °
as ‘to high-level intermittent néise; as Ward (1970) has shown. The'praétical
consequence of ‘delayed recovery is that TTS méy not be allowed to recover
completely before the next exposure, compounding the risk of developing permanent -

hearing loss.

€. On-Fraction Rule

According to the "on-fraction" rule, the TTS resulting froﬁ a noise thatﬂis onv
50 percent of the time is about one-half the value of a TTS resulﬁing from a
qdntinuous exposure at the same sound pressure level (Ward, 1970). Ahaus‘and
Ward (1975)‘f9und this rule to be valid for burst durations from 100 msec. ué to
2vminutés and for on-fractions above 0.1, but the rule broke down for ahorﬁer,or
~longer noise bursts; Hetu (1982) found that the length of ﬁhe eprsure cycle
(on-time ?lus off-time) can also influence the TTS recovery period. ‘For_exampié,

short cycles of 10 seconds can prbduce delayed recovery.

D. Effective Quiet (EQ)

Another important assumption is the definition of effective guiet (EQ), the sound -
Ievei thatvwillAnot pﬁoduce TTS or impede its recovery. Accdrdingfto CHABA's
definition of EQ, which is any level below the 8-hour éritefion level for a
particul;r b;nd or pure tone, the level could vary from about 84 to.97.dB,

depending on frequency (Kryter et al., 1966). This assumption, however, reflects

an inconsiétency in the criteria because the curves were based on recovery
" patterns that were actually obtained in the guiet of the laboratory, which is

" likely to be considerably below 84 dB.

The subject of EQ has generated considerable research, much of which isg'.
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summarized in Table II. Research’bYﬂScthdek et al. (1972)Z‘and a review of the .

available TTS and PTS daté‘by Kryter (1970) prompted NIOSE to récommend an EQ
level of 65 dB in its 1972 Criteria Document (NIOSH, 1972). The 65-dB level
appearé t¢o be cdrroborated.byvmore recent evidence. Mills ({1982) has'canstructed
'a graphical representation of the risk of noise—induéed hearing loss that
includes data points for EQ from a»number of pertinent studies. Shown in Fig.
7; the graph displays a band about 10-dB wide where there is a risk of hearing
loss from léng exposures and where delayed recovery also can occur. The data
points at the lower edge of the band indicate EQ levels of 64;65 dB for 2000 and

4000 Hz, and about 70 dB for 500 and 1000 Hz.

I£ can be concluded from this discussion that certain important assumptions on
which the early criteria were based have failed to. be validated and others have
proved to be faulty. TTS, is not a proven predictor of long—térm PTS, the equal
temporary effect theory is confoundéd by delayed recovery, ﬁhe on-fraction rule;
appears to be valid only for burst duratiohs that are not too short or too long,’
-and the levels of EQ assumed in the CHABA criteria and the 1969 OSHA standard are
insufficiently low to permit cémplete'recovery from TYS. Moreover, as EPA
(1974b) has pointeduout; the amounts,éf'NIPTs allowed by the CHABA criteria can}
‘be considered excessive; for example, as ﬁuch as 45 dB at 2000 Hz and 60 dB at-
3000 Hz in the most;sensitive 10th percentile.

Any criﬁerioa that requires evenly spaced quiet periods of specific ‘duration and
level is probably unrealistic. Hetu .'(1'982) “points out that actual
intermitténcies in industry are short compared to length of exposure, and rest
periods are usually infrequent and.characterized by sound levels Qell above 65

or even 75 dB. ' Most industrial exposures, therefore, consist of varying, rather

In a later experiment, Schmidek and his coworkers (1975) hypothesized
that during higher-level intervals, such as 77 dB(A), the protective action of
the middle ear muscles decays or "adapts out" due to the lack of respite, whereas
lower levels of EQ permit the muscles to relax and to allow the acoustic reflex
to be fully re-triggered by the next noise burst.
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(See Fig.6)

Table II. 'Resuité of Research on Effective Quiet (EQ)
I Source '_ﬁcise Exposure Level ‘EQ Level { Results
‘Lenhardt . and Bucklng 70.dB SPL No effect on recovery.
(1968) * 80 dB SPL |- TTS began to grow after 15 min of
‘ exposure. :
Schwetz et al. (1970)* 75 dB SPL k Retarded TTS recovery at 1k, 2k,
~ 3k, and 4k Hz.
Klosterkotter (1971)* 70 dB(A) Recovery slower at 70 dB(A).
. v : 35 dB(A) . - -
Schmidek et al. (1972) | permissible levels of | 77 dB(A) Nd significant differences in TTS
: ] interrupted coal mine | 40 dB(A) recovery for 4 out of 6 noise
noise exposure conditions,_
Schmidek et al. (1975) 3 15-min bursts of 77 dB(A) 57 dB(A) group incurred
’ 103 dB(A) ’ 67 4B{A) significantly less TTS than other
interspersed with 2 { 57 dB(A) 2 groups.
‘ ’ 5-min interruptions .
Ward et al. (1976) Octave bands of noise Variable Higthrequency'nQise exposures
@ 90, 100, and 105 .dB need lower -levels of EQ.
) Concludes 75 dB(A) adequate for
' » indust;yf
Saunders et _al. (1977) 7 4-kHz octave bands of (same as Progressively longer recovery
o noise @ 57, 65, 72, 1 exposure time needed for each higher
80, ‘86, and 92 dB levels) level. Small amount of TTS even
— 57 dB. (?) | from 57 4B band. ‘ ' -
Hetu (1982) 50 dB(A) Recovery curves overiapAuntll-GO—'
o 60- dB(A) 120 min post exposure, after
70 dB{(A) which the 50 dB(A) level produces
. | 80 -dB({A) most_ efficient recovery. _
Mills (1982) variable E EQ for higher frequencies about

64-65 dB. EQ for lower
frequencies about 70 dB.

*

** According to Dept.

Clted by Passch1er-Vermeer {1973)

Interior proposal (1970)




Fig.

risk of injury and hearing loss.

7.

130 Y HIGH RISK OF HEARING LOSS AND INJURY A
-a¢g¢~: B 1Rt
1 20 p=— 2. . .‘ 1L /. s
IISK oFf HEARING LOSS AND INJUIY TO THE EAR INCXWES WITH'
110} RS

100

30

SOUND PRESSURE LEVEL (dB re 20 uN/M?)
g

1 4

= ~J.wém~hktuwﬂuﬁxﬂ 1 e i I8

U -

{3) NUMBER OF EXPOSUKES
(4) SUSCEPTIBILITY OF THE INDIVIDUAL

S nauxcnom ‘( .
o - mvmvov
Awwu

eaihaess:

NO RISK OF HEARING LOSS OR INJUXY TO THE EAR *
- REGARDLESS OF THE DURATION OF m'osxm CRr Tt
NUMBER OF MYS EXPFOSED

o
0.125

025 0.5 1.0 20 4.0 8.0 iop
FREQUENCY (kHz) |

Most of the range of human audxbxlxty ca

25

tegorized with respect to the

From Mills (1982).



than intermittent hoise. For instance, in a study of the effects of noise on
paperworkers, NIOSE (1983) had planned to use ﬁhe data gathered in this workplace
‘as an example of intermittent noise exposure. However, the investigators found
patterns of noise that "varied daily for the‘same.wérker and also varied across
workers on the same day with the same job in random fashion"”. Undoubtedly, some
recovery from TTS does take place during intervals of exposure at lower levels,
even though the conditions do not meet the assumptions described above. Whether

enough recovery occurs to justify a 5-dB exchange rate, however, is unlikely.

IV. LABORATORY STUDIES

A. The Relationship Among Measures of Hearing Damage

" Nowadays, asymptotic threshold shift (ATS) is widely used as a ﬁredictor of
permanent hearing damage. TTS from a particular noise exposure usually increases.
with duration of exposure until it reaches an asymptote, which is maintained
until the exposure ceases. ATS is thought to represent the "upper bound" 6f
\hearlng damage that can result from a partlcular noise exposure. Bohne and Clark
© (1982) found that ATS in chinchillas remalned congtant for a period as long as
108 days. Not surprisingly, they also found that PTS increased as the exposure
continued, and after 108 days PTS wag within 10 dB of ATS. An experiment b&
Nielsen (1982), showed that squirrel‘mpnkeys exhibited ATS for moderate noise
levels (89‘dB,or less), but at higher levels (95 and 101 4B} TTS continued to
grow for the duratiqn of exposure. Nielren postulated that humans might also

continue tp,Aevelop TTS’(after‘a temporary plateau) as duration increases for
periods as long as 96 hours3. These experiments on humans would, of course, be

hazardous to perform because of the likelihood of inducing PTS. Thus, the use

3 Nielson compared his TTS data for squirrel monkeys with the human data
of several other investigators for 24~-hour exposure. periods. He found that
although the TTS growth patterns were comparable, the monkeys demonstrated
slightly 1less TTS than humans for a given exposure. Nielson explained this
difference by the fact that the squirrel monkey's normal auditory thresholds are
about 10-20 dB less sensitive than those of humans in the 125 Hz to 8000 Hz
range.
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of ATS as. a valid predictor of‘the upper bound of hearing damage may  be

guestionable.

Neither is PTS the most gensitive or reliable indicator of noise damage in all

cases. Numerous studies have found that the correlation between PTS and cell -

damage, particularly outer hair cell (OHC) damage, is not always good. 1In a
recent review, Clark and Bohne (1986) cite 10 studies in which threshold shift

occurg without any corresponding cell loss, or encompass a btoader range of

frequencies than would be expected from the anatomical evidence. They also cite

5 studies showing large losses of hair cells without significant shifts in
correqunding pure-tone thresholds, and they have observed OHC losses of ué to
50% in the cochlear apex without showing threshold shifts for the corresponding
low~fre§uency tones. They point out that only occasionally do the two measures

agree quite well.

Clark and Boﬁne (1978) maintain that‘aome of the discrepancy between behavioral
audiometric results and cochlear damage may be due‘to the pronounced difference
in the pétte;n of noise-induced damage between different areas of the cochlea.
For example, in the cochlear apex, démage generally consists of scattered loss

of.OHCé only. Inner hair cells (IHCs) and supporting cells appear to be

resistant until OHC losses exceed 30-50 percent. By contrast, in the base, .

noiae-inducéd lesions are initially quite narrow and usually involve extensive -

" loss of'6HCS; IﬁCs, and supporting cells. With longer histories of exposure to
low-frequency or broad-band noise, damage grows more rapidly in the basé than the
apex (Clark and Bohne, 1978; Bohne and Clark, 1982). These results in chinchillas
are similar to‘the findings in noise-damaged human ears (Bredbergq, 1968; Johnson
and Hawkins, 1976), indicating that the relation between hair cell loss and PTS
is quite different for the apex and base aﬁd that no simplé equation can be

derived to describe this relationship.
Thus, any of these measures of hearing damage should be employed with some degree
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‘of‘céuﬁion(,knowing that they may not describe the true extent of damage. Loés
of cochléar.cells maf portend hearing losses measurable by audiometry at a later -
date. As Ward (1980) has hypothesized, "... as they fall one by one, the .
cushion between normal hearing and a shift in threshold,ié being eroded away

Some researchers nowadays are using more complex, suprathreshold listening tasks
in addition to hair cell loss to‘aséess the impact of cochlear damage. Such
measures as neural and psychoacoustical tuning curveés and frequency modulatibn
detection have proved to be more sensitive than pure-tone thresholds in some

cases‘(clark and Bohne, 1986; Lonsbury-Martin et al., 1987). According to

Lonsbury—Martih et _al. (1987), each moderate exposiure may result in'é small
amount of cellular damage that can accumulate over time_until it e#entually
produces permanent alterations in hair-cell function. At this time, however,
these measures have not been widely used to investigate issues gurrounding the

" 'exchange rate.

B. Cochlear Evidence and the Exchange Rate

A number of laboratory studies concerning the relationship between noise level
and duration -have been conducted over the past decade and are summarized in Table
III. . When viewed as a whole, these studies show a pattern. Ward and his

| & ¢ .
colleagues (Ward}an@ Nelson, 1921; Ward and Turner, 1982; Ward et al., 1983) have

_provided. evidence that the ‘3-dB rule applies to single éxposures of various
“levels and duration within an 8-hour day. The data of Bohne and Pearse (1982),

Bohne et al. (1985 and 1987), and Ward et _al. (1982) indicate that the total

eneréy hypothesis has its limits, at lgast for the apical region of the cochlea,
although single uninterrupted exposures as long as 9>and 15 days are not typical
of industriai exposures. The cochléar damage data of Ward aﬁd Turner (1982) also.
‘show seme'benefit from ‘intermittency, but -evidently not as much as,ITs or PTS

data would predict. Bohne and Pearse (1982) have also shown that protection of
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Table III. Laboratory experimenté'beéring-on the issue of the exchange rate.
Source' Stimulus Schedule Dependent Results
Variable
Ward and 700-2800 Hz band 4 hrs @ 114 dB PTS High—frequéncy PTS was
Nelson (1971) 2 hrs @ 117 dB : roughly equivalent for all
' 1 hr @ 120 dB conditions.
1/2 hr @ 123 4B
Saunders et 4000 Hz octave 6 hrs on 18 hrs off for TTS, ATS Less ATS for repeated
al. (1977) band 9 days. exposures than for continuous
Levels: 57, 65, 72, 80, exposure.
86, 92 dB SPL Exposure separated by 18-hr
Control: 54 hrs recovery periods can tolerate
continuous noise (Mills, a 5-dB higher level for the
1973) same ATS. Differences
explained by "equivalent
power" hypothesis.
Ward and 70G-2800 Hz band 200 minutes at 105, 108, ‘Missing Number of missing OHCs

Turner (1982)

111, and 114 dB

hair cells

proportional o growth of
sound energy.

Ward and
Turner {(1982)

700-2800 Hz band

30-sec bursts on 0.5
time for 440 min,
30-sec bursts on 0.1

- time for 2200 min, and

10-min bursts on 0.002
time for 11 weeks
Control: continuous
noise with same L__

Missing

hair cells

Some reduction of cell loss
with increased intermittency.
On-fraction of 0.5 produced a -
2-dB savings, extreme

intermittency (0.002)

resulted in a savings of 6-7
dB. over continucus noise
exposure.

Bohne and
Pearse (1982)

;
500~Hz octave
band

6 hrs/day for 36 days @
95 or 9 days @ 101 dB
Control: 9 days @ 95 dB

Missing
hair cells

Interrupted exposures -~ less
loss in apex but as much or

.greater loss in base of

cochlea when compared to
continuous exposures.

1

Addition of data points from the work of Lipscomb et al.

supported the equal energy growth function.

(1977)

and Dolan et al.

(1976)

further



Impraovement in both PTS and

{

‘I Control: 9 work weeks @
92 dB

Ward et _al. | 700-2800 Hz band 9 work weeks (8 hr/day, PTS and
{1982) : - M-F) @ 92 dB missing cochlear damage frem 16-hour
' i Control: 1% days hair cells interruptions.
continuous noise @ 92 dB : :
Ward et al. 700-2800 Hz iband 48 m;n/day, M- F, 9 wks HMissing Total missing OHC was nearly
(1983) ‘ @102 dB — hair cells same for the two '

exposures.

"Bohne et_al.
(1985)

500-Hz octaﬁe
band !

1. 6 hrs/day, 36 days @
95 (18-hr rest)

"2. 6 hrs/day, 9 days @.

101 (18-hr rest)
3. 6 hrs/every 2 days,
72 days @ 95 (42 hr-
~ rest)
4. 6 hrs/week, 36 weeks
@ 95 dB (162-hr rest)

1 Control: 9 days @ 95 dB

Missing
hair cells

exposures.

General pattern of damage
same: scattered loss in apex,
severely damag?d narrow areas |
in base (HFLs) , but less
damage for interrupted

All lnterrupted
exposures produced less
damage in apex. Groups 1 & 2
showed as much loss in base
as continuous exposure.

Groups 3 & 4 showed less

damage in both base and apex.

Lonsbury-

' (1987)°

Martin et al.

100-dB pure
tones with
frequencies
ranging from: 354
Hz to 16 kHz in
half-octave
steps

| one exposure/day.

One monkey, 6 mo., total
5.5 hrs. '

Two monkeys — 18 mo.,
total 13.4 hrs and 14.4
hrs. ’

1 PTS, thres-
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